Molecular electronic structure calculations can be easily started by diagonalizing a one-electron Hamiltonian based on a sum of fixed atomic effective potentials. For the latter, we have found compact analytic forms in terms of a few Gaussian functions -first optimized on the isolated atoms, and then augmented with one further term parametrized on a set of molecules.
Molecular electronic structure calculations can be easily started by diagonalizing a one-electron Hamiltonian based on a sum of fixed atomic effective potentials. For the latter, we have found compact analytic forms in terms of a few Gaussian functions -first optimized on the isolated atoms, and then augmented with one further term parametrized on a set of molecules.
Every molecular electronic structure calculation needs a good starting guess. Most likely the earliest and still widely used extended Hückel 1 theory gives a minimalbasis solution that can be then projected 2 onto the working basis set. The underlying minimal basis should be given in some way -some workers 3 use short threeGaussians-per-shell sets 4 for atoms up to Radon, with known shortcomings. We thought it would be handy to have a tool to build a better minimal set straight from the working set -clearly, atomic Hartree-Fock calculations could be done for that, but even then a starting guess is needed. We have found that the optimized effective potentials 5, 6 for atoms can be given, accurately enough, in a very compact form in terms of Gaussian functions -they can be pre-tabulated and used to get the starting guess for an atom with one diagonalization of an easily-computable matrix. One may wonder whether this simple idea was known before, but we see only works of this kind 7 with rather complicated, and even piecewise, analytic form of the potential.
Another well-known starting guess for molecules uses an effective one-electron Hamiltonian of densityfunctional theory 8 within the approximation 9 of overlapped but frozen atomic densities. The nonlinearity of the exchange-correlation functionals makes the matrix elements of the potential tractable only by numerical integration, for which good schemes 10, 11 are known but need to be implemented. There is also a Hartree-Fock analog 12 that needs up to three-center two-electron integrals, or its spherical approximation 13 with less costly models of the direct and exchange terms. We have found an even simpler method where a sum of fixed atomic effective potentials is used, and our atom-optimized compact representations can be adopted and adapted for this by "capping" each atom with one more potential term to cancel the −1/r asymptotic behavior and make it shortranged. Our tests show this to be at least as good or even better than the extended Hückel guess, so we report it here in the hope that it may be helpful for others.
For an atom, our effective potential v(r) is the sum of its bare-nuclear potential v n (r) and an approximate 
in the form of Coulomb potential of Gaussian 14 charge distributions. We optimize the exponents a i and coefficients c i , with the constraint
Q being the nuclear charge, to minimize the measure Table I shows the number of terms n and the value of E for the groups of atoms, the overall accuracy is quite good, E < 0.0004; n − 1 terms would raise E by about 10 times, while n + 1 can hardly do any better and would often lead to run-away solutions. We also check the atomic Hartree-Fock energy errors ∆E within a twocomponent scalar-relativistic approximation 18 thanks to its boundedness from below.
For a molecule with N atoms, the −1/r atomic potential tails would have summed up to an unphysical −N/r; as a lesser evil, we decided to "cap" each atom with one more term having c n+1 = 1 and a to-be-optimized a n+1 . (Setting c n+1 = (N − 1)/N may be kept as an option.) This also gives us the freedom to adjust the potential well depth in the valence region to mimic a typical molecular environment.
For the optimization, we tried two objective functions: (a) energy-based,
or (b) overlap-based, where the wavefunctions φ 0 j and the Fock operatorF 0 are taken from the reference self-consistent field calculation, whereas φ i are our approximate solutions, the labels i and j run over the occupied valence set; the functions, either f E or f S , are to be summed up over a training set of molecules. The reference calculations were done with the PBE 19 density functional, the scalar-relativistic approximation 18 , and the L1 basis 15, 20 . First, we optimized the parameters for atoms H through Cl (without He and Ne) on the neutral closedshell subset of molecules 21 . For H and B-F we got the values strikingly close to 1/3 -this, together with the flatness near the minimum, led us to have all parameter values within groups of atoms constrained to be equal during the optimization and rounded afterwards to simple fractions. For the heavier elements, skipping Pr-Tm and Np-Md with their open-shell states, we have built up a smaller set of prototypical molecules and gotten the rest of values shown in Table I .
Our thus derived potentials can work equally well with any all-electron formalism, both two-and fourcomponent. They can also be easily adapted for use with effective core potentials 22 by subtracting the core charge Q 0 from c i referring to the largest a i ,
with n 0 such that 0 ≤c i ≤ c i , where a i > a i+1 for all i.
It would be straightforward to implement our method, as an option, into any electronic structure code.
See Supplementary Material for data files.
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Supplementary material for "Atomic effective potentials for starting molecular electronic structure calculations"
The file "ac.txt" holds parameters of atomic effective potentials for atoms Helium through Nobelium in the format: the atomic number and the number of terms n followed by n pairs of the exponent and coefficient, one per line. 
